Using a model system, we demonstrate both experimentally and theoretically that coherent scattering of light can be robust in hot atomic vapors despite a significant Doppler effect. By operating in a linear regime of far-detuned light scattering, we also unveil the emergence of interference triggered by inelastic Stokes and anti-Stokes transitions involving the atomic hyperfine structure. [6] . Often, many parameters of the system under study are not fully controlled and are described by effective parameters, including for instance the strength of disorder or decoherence. Similarly, the internal structure of atoms is often put aside and a simplified two-level model is used to describe the qualitative behavior of observed phenomena. Interestingly, in cases when the detailed structure is taken into account, not only the quantitative description can be improved, but new qualitative features can emerge, such as Sisyphus cooling [7] , slow light [8] and quantum memories [9] . Doppler broadening in room temperature vapors adds to the complexity of a microscopic description of coherent light propagation and a radiative transfer equation is often used as a simplified model [5] . This however prevents the description of coherence phenomena in nearby coupled dipoles [10] [11] [12] [13] [14] or the anomaly of polarization at the D1 line of the solar spectrum [15] . Even though Doppler-free spectroscopy in room temperature atomic vapors has seen important results, the development of laser cooling of atoms allowed for an impressive improvement of high-precision measurements. Presently, we witness a renewed interest in precision measurements with hot atoms, including applications on electric-field sensors [16] and quantum information science [17] [18] [19] [20] . In this Letter we report on a coherent light scattering experiment with a hot atomic vapor in which thermal decoherence is largely circumvented. We also show that the internal multi-level structure of the atoms gives rise to qualitatively new interference features which emerge as a result of inelastic scattering and can be described with a quantitatively accurate microscopic theory.
Using a model system, we demonstrate both experimentally and theoretically that coherent scattering of light can be robust in hot atomic vapors despite a significant Doppler effect. By operating in a linear regime of far-detuned light scattering, we also unveil the emergence of interference triggered by inelastic Stokes and anti-Stokes transitions involving the atomic hyperfine structure.
Wave propagation in disordered media is at the focus of intense investigations in many different fields of research, including condensed matter [1] , astrophysics [2] , acoustics [3] , optics [4] , atomic physics [5] and ultracold atoms [6] . Often, many parameters of the system under study are not fully controlled and are described by effective parameters, including for instance the strength of disorder or decoherence. Similarly, the internal structure of atoms is often put aside and a simplified two-level model is used to describe the qualitative behavior of observed phenomena. Interestingly, in cases when the detailed structure is taken into account, not only the quantitative description can be improved, but new qualitative features can emerge, such as Sisyphus cooling [7] , slow light [8] and quantum memories [9] . Doppler broadening in room temperature vapors adds to the complexity of a microscopic description of coherent light propagation and a radiative transfer equation is often used as a simplified model [5] . This however prevents the description of coherence phenomena in nearby coupled dipoles [10] [11] [12] [13] [14] or the anomaly of polarization at the D1 line of the solar spectrum [15] . Even though Doppler-free spectroscopy in room temperature atomic vapors has seen important results, the development of laser cooling of atoms allowed for an impressive improvement of high-precision measurements. Presently, we witness a renewed interest in precision measurements with hot atoms, including applications on electric-field sensors [16] and quantum information science [17] [18] [19] [20] . In this Letter we report on a coherent light scattering experiment with a hot atomic vapor in which thermal decoherence is largely circumvented. We also show that the internal multi-level structure of the atoms gives rise to qualitatively new interference features which emerge as a result of inelastic scattering and can be described with a quantitatively accurate microscopic theory.
The scheme of our experiment is shown in Fig. 1 . A collimated laser beam (waist w = 10 mm) is sent through a slab-shaped glass cell containing a natural mixture of rubidium vapor at an oven-regulated temperature/density. The wavelength λ = 780 nm is set to the D2 transition of rubidium. Two different cells were used, one with a metallic mirror clipped to the back side, and A collimated laser beam is sent via a beamspitter (bs) through a glass cell (width L ≃ 8 mm, chamber thickness L ′ ≃ 6 mm) containing a hot mixture of rubidium atoms. An oven with a cold 'finger' is used to regulate the vapor pressure in the cell. The backscattered signal is collected in the far field on a CCD camera. In the cell, the interference between counter-propagating wave paths scattered on both an atom and the back face of the cell gives rise to annular fringes ("mirror-assisted coherent backscattering").
another one without such a mirror. The angle of incidence of the laser beam, θ 0 ≪ 1, was adjusted to typically a few degrees with respect to the surface normal of the slab. The backscattered light was observed in the far field with an optical angular resolution of 0.044 mrad using a CCD camera (Fig. 1) . As a result of light scattering, this signal has generically two contributions: an "incoherent" one, associated with pairs of optical paths traveling along a common scattering trajectory in the same direction, and a "coherent" one where the two paths propagate along the same trajectory but in opposite directions [21] . In the multiple scattering regime the latter leads in particular to the coherent backscattering effect, which was previously measured in cold atomic gases [22] . The goal of our experiment is to investigate the coherent component of the signal in a hot vapor. For this purpose, the cell is heated to temperatures on the order of 200
• C. In such a regime, the atomic motion is very fast which a priori constitutes an unfavorable case for coherent transport. Indeed, the Doppler effect associated with thermal motion induces a random frequency shift in scattered wave paths, a phase-breaking mechanism usually detrimental to interference [23, 24] . To counteract this mechanism, our strategy has been to operate at large detuning |∆ ≡ ω − ω 0 | ≫ kv so that the characteristic time ∼ λ/v for an atom to move over a wavelength becomes much longer than the time τ ∼ Γ −1 (Γ/∆) 2 of a scattering process (ω and ω 0 are the laser and atomic angular frequencies, Γ is the natural linewidth, k = 2π/λ is the wave number and v = k B T /m is a measure for the thermal speed of the atoms). The left panel of Fig. 1 shows a typical experimental CCD image, obtained at T ≃ 195
• C and |∆| = 2 GHz [25, 26] . Under these conditions, |∆|/kv ≃ 7.3 ≫ 1 and kv/Γ ≃ 45 ≫ 1. Despite the large Doppler effect, the image in Fig. 1 displays a well contrasted interference fringe, suggesting that atoms effectively behave like cold ones. This fringe stems from the interference between counter-propagating wave paths scattered on both an atom and the mirror on the back face of the cell. This process is illustrated in Fig. 1 . It leads to an interference ring known as the "mirrorassisted coherent backscattering" (mCBS) effect, [27] [28] [29] and on which we will concentrate our attention from now on. While the mCBS of light was recently measured in a cold Strontium gas [29] , its visibility in a hot rubidium vapor with highly nontrivial quantum-level structure is far from obvious. To understand it, we have analytically calculated the enhancement factor Λ ≡ (S b + S mCBS )/S b of the mCBS signal S mCBS with respect to the incoherent background signal S b , taking into account the thermal distribution of atomic velocities:
where θ − θ 0 is the angular deviation from the fringe maximum, see Fig. 1 , and Λ 0 ≡ Λ(θ 0 , T = 0) − 1 (the physical content of Λ 0 will be discussed later on). Eq.
(1) indeed describes an interference ring, with radial oscillations governed by two length scales, the distance L/2 from the center of the cell to the mirror, and the thickness L ′ of the atomic vapor [29] . The exponential factor stems from the thermal average of the dephasing e i∆ΦT accumulated by the two interfering paths, whose frequency is Doppler shifted by v · ∆k upon scattering with momentum change ∆k on an atom of velocity v:
where we used that ∂k/∂ω ∼ 1/Γℓ when |∆| ≫ Γ, with ℓ the mean free path. Eq. (2) explains the robustness of the mCBS interference against thermal motion. First, lessens the impact of the thermal dephasing at large detuning. The second reason lies in the proportionality of ∆Φ T to the incident angle θ 0 ≪ 1: as we operate close to normal incidence, light scattering is essentially forward (∆k ∼ 0) which again reduces ∆Φ T . Fig. 2 shows as blue dots a typical experimental angular profile Λ(θ, T ) of the mCBS ring, here measured at |∆| = 2 GHz, for θ 0 ≃ 7
• and for circularly polarized light detected in the channel of opposite helicity (channel h ⊥ h, see below). To obtain these data, we have measured both the background S b and mCBS S mCBS signals from which we have removed stray light by substracting the signal at |∆| = 40 GHz. The angular profile is compared with the theoretical prediction, Eq. (1), shown as a solid red curve. For this comparison, the amplitude at θ = θ 0 , Λ(θ 0 , T ), is set to the experimental value 1.20. Except for this reference point though, there is no adjustable parameter: the agreement is excellent, in particular for the width of the central fringe and even for the first secondary fringes.
The most interesting property of Eq. (2) is the dependence of ∆Φ T on the mean free path ℓ ∝ (∆/Γ) 2 . This offers the possibility to turn from a hot to a cold atom behavior in a controlled way via a change of the detuning. To check this property, we have measured the mCBS enhancement factor Λ(θ = θ 0 , T ) as a function of |∆| over a broad range. The results are presented in Fig. 3 . The curves correspond to three detection schemes where linearly polarized light is analyzed along the parallel (l l) or perpendicular (l ⊥ l) channels, or where circularly polarized light is analyzed in the channel of opposite (h ⊥ h) helicity, as routinely done in experiments on light scattering in random media [22, 30] . No signal is observed in the channel h h because at large detuning the excited hyperfine levels of the D2 line of rubidium are not resolved so that the single scattering process is essentially equivalent to a J = 1/2 → 3/2 transition [31] . Let us first discuss the variation of the curves with de- (1) at θ = θ0, using Λ0 and ρk −3 as fit parameters (solid curves). These fits provide ρk −3 = 0.15, 0.22, 0.14 and Λ0 = 0.038, 0.242 and 0.287 in the channels l ⊥ l, l l and h ⊥ h, respectively. No signal is observed in the channel h h. The dashed line shows the enhancement factor expected for cold atoms (i.e. in the limit kv/Γ → 0) in the channel h ⊥ h.
tuning. We attribute it to the exponential factor in Eq.
(1), which mainly governs the ∆ dependence of Λ. Fits of the experimental data to Eq. (1) (solid curves in Fig.  3) validate this interpretation and demonstrate our ability to control the thermal dephasing of interfering wave paths via the detuning in the vapor. For comparison, in the channel h ⊥ h we also show as a dashed line the enhancement Λ(θ 0 , T = 0) = 1 + Λ 0 expected for cold atoms. In fact, Fig. 3 indicates that the "cold atom limit" is almost reached for ∆ 4GHz whatever the polarization configuration.
For the fits to Eq. (1), we use Λ 0 and the atom density ρk −3 as free parameters and extract in particular a nearly constant density ρk −3 = 0.17 ± 0.05, which confirms the independence of the dephasing (2) upon polarization. The relative values of enhancement factors in the various polarization channels thus stem from the zerotemperature amplitude Λ 0 = S mCBS /S b . We attribute it to the proportionality of the mCBS signal S mCBS (T = 0) to the elastic atomic differential cross-section dσ el /dΩ, assuming that the background signal S b (T = 0) is independent of polarization. Except at low detuning this assumption is approximately verified in our setup. For an incident wave field whose polarization vector changes from ǫ in to ǫ out upon scattering on an atom, it was shown, based on the decomposition of the scattered intensity into irreducible components with respect to the rotation group, that dσ el /dΩ ∝ w 1 |ǫ in · ǫ * out | 2 + w 2 |ǫ in · ǫ out | 2 + w 3 [32, 33] . The three numerical coefficients w i depend on the fine and hyperfine level structure of rubidium. We have calculated them using the theoretical approach developed in [31] for treating light scattering from hyper- fine multiplets. This calculation first confirms the absence of single scattering, and hence of mCBS fringe, in the channel h h at large detuning. In the other channels, it leads to the ratios Λ 0 (h ⊥ h)/Λ 0 (l l) ≃ 1.1 and Λ 0 (l l)/Λ 0 (l ⊥ l) ≃ 8.0 [34] , in reasonable agreement with the experimental ratios extracted from the fits in Fig. 3 :
According to Eq. (1), the thermal dephasing (2) can be also controlled with the incident angle θ 0 . To verify this property, we have measured the mCBS enhancement factor as a function of detuning for two different angles θ 01 ≃ 6.5
• and θ 02 ≃ 7.5
• > θ 01 deduced from the mCBS angular profiles. These measurements are displayed in Fig. 4 (dots) . We fit them with Eq. (1) with Λ 0 as a single fit parameter (solid and dashed curves), inferring the atom density ρk −3 from the saturated vapor pressure in the cell. For these measurements we used another atomic cell heated to T ≃ 168
• and on which no mirror was clipped on the back face (the glass itself thus plays the role of the mirror). Λ 0 being also proportional to the reflection coefficient of the glass [29] , much smaller than the one of the mirror, this leads to smaller enhancement factors than in Fig. 3 .
In the description of the mCBS interference presented so far, we implicitly assumed that light was scattered elastically on the atom (Rayleigh scattering). As we operate at a large detuning |∆| ≫ Γ though, the lightmatter interaction may involve atomic transitions where several hyperfine levels come into play, such that it is not guaranteed that only Rayleigh scattering occurs. A quick look at the typical level structure of rubidium, recalled in Fig. 5(b) , confirms this statement: the structure involves two ground-state levels F and F + 1, the various Zeeman sub-levels of which are equally populated in our hot vapor. When subjected to light, atoms may experience Rayleigh transitions F → F or F + 1 → F + 1 via any of the allowed excited levels [the transition F + 1 → F + 1 is illustrated in Fig. 5(b) ]. These processes, whose strength is encapsulated in the elastic scattering cross-section, yield the elastic mCBS ring discussed previously. Since the detuning ∆ is typically large compared to the spacing between the various excited hyperfine levels, those are not resolved in our experiment. ∆ is, on the other hand, not small compared to the spacing ∆ 0 between the two ground-state levels F and F + 1. This implies that Stokes (F → F + 1) and anti-Stokes (F + 1 → F ) inelastic scattering processes can occur as well, see Fig. 5(b) . Note that this type of inelastic transitions here shows up in the linear regime of light scattering (small saturation parameter) and is thus fundamentally different from the inelastic scattering processes that occur at higher intensities [35] [36] [37] [38] . A refined analytical calculation of the mCBS effect shows that these inelastic processes give rise to two secondary interference rings, of enhancement factor
As compared to Eq. (1), an additional momentum shift ∆k arises because the light frequency changes by ±∆ 0 after Stokes or anti-Stokes scattering on the atom. This shift is given by
evaluated with a plus (minus) sign for the anti-Stokes (Stokes) process. In Eq. (4), n is the refractive index of the atomic gas. The momentum shift in Eq. (3) implies that inelastic rings are angularly separated by ∆θ ≃ −∆k/(kθ 0 ) from the elastic one. They are visible in polarization channels where inelastic scattering is present. We have found from calculations of inelastic scattering differential cross-sections that this is typically the case in the channel l ⊥ l, where we have experimentally focused our attention. In the inset of Fig. 5(a) we show a CCD image taken at ∆ = −1.3GHz and T ≃ 166
• in this channel: we indeed observe a secondary fringe close to the elastic one. To demonstrate that this signal is well of mCBS type, we have tested its sensitivity to thermal dephasing. The plot in Fig 5(a) confirms this sensitivity: the detuning dependence of the enhancement factor Λ(θ 0 + ∆θ, T ) of the inelastic fringe is well fitted by the exponential factor in Eq. (3) . From this fit we extract an atomic density ρk −3 ≃ 0.16, which we use to estimate the angular separation ∆θ between the elastic and the inelastic rings. Assuming a Stokes process (see below for the justification of this choice) and estimating the refractive index for a dilute atomic cloud, Eq. (4) with ρk −3 ≃ 0.16 leads to ∆θ = 0.28
. This value is on the order of the experimental one, ∆θ exp = 0.15
• , measured on the camera image. A possible reason for the theoretical overestimation is the uncertainty on the atom density ρk −3 . One may wonder, finally, why only one inelastic fringe is visible in the inset of Fig. 5 , while Eq. (4) in principle predicts two fringes. The reason lies in the frequency asymmetry of the Stokes and antiStokes transitions. Indeed, unlike the Stokes process, the anti-Stokes process brings photons back to resonance [26] . This leads to a large momentum shift (4), which moves the anti-Stokes ring far away from the elastic one, out of the range of the camera [from Eq. (4) we estimate ∆θ anti-Stokes ∼ −10∆θ Stokes ). Note that the Stokes nature of the secondary fringe in Fig 5(a) is also confirmed by its position with respect to the elastic one: for the Stokes process n(∆ − ∆ 0 ) − n(∆) < 0 so that ∆θ > 0.
We have shown that coherent transport of light in hot atomic vapors can survive large Doppler effects. This paves the way to the future observation of other mesoscopic phenomena in hot vapors, like coherent backscattering, which can be enhanced by operating in the large detuning limit or with a magnetic field [40] . We have also experimentally and theoretically unveiled novel interference effects emerging from the internal multi-level structure. This sheds light on the important role inelastic Raman processes might play in multiple scattering of light [41] , a question yet largely unexplored in ensembles of quantum scatterers.
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